Optical Properties

1 INTRODUCTION

Glasses are among the few solids which transmit light in the visible

region of the spectrum. Glasses provide light in our homes through win-
dows and electric lamps. They provide the basic elements of virtually all

toal ine (5. T Idwide telecommunication system is based
on the transmission of light via optical wavegwmides. The esthetic appeal
of fine glassware and crystal chandeliers stems from the high refractive
index and birefringence provided by lead oxide, while the magnificent
windows of many cathedrals exist only because of the brilliant colors
which can be obtained in glasses.

The optical properties of glasses can be subdivided into three catego-
ries. First, many applications of glasses are based on bulk optical prop-
erties such as refractive index and optical dispersion. Other properties,
including color, are based on optical effects which are strong functions
of wavelength. Finally, modern glass technology increasingly relies on

he application of non-traditional optical eff | |
vity, photochromism, light scattering, Faraday rotation, and a host of
others.




2 BULK OPTICAL PROPERTIES

The history of optical science closely parallels the history of the
development of optical glasses. Development of early telescopes and
microscopes immediately forced a search for new optical glasses with
appropriate refractive index and optical dispersion characteristics. It can
be argued that the development of modern astronomy, biology, and
medical science were controlled by the ability of glass makers to develop
glasses with the appropriate optical properties.

2.1 Refractive Index
T ractive ind . | ] cal Z

glasses, as well as the most basic optical property for determination of
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divided by the velocity of light in a medium, This ratio can be measured
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where @, is the angle of incidence and @, is the angle of refraction for a

beam of light striking the surface of a material. The refractive index can
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[he refractive index of a glass is determined by the interaction of

light with the electrons of the constituent atoms of the glass. Increases
in either electron density or polarizability of the ions increases the refrac-
tive index. As a result, low indices are found for glasses containing only
low atomic number ions, which have both low electron densities and
low polarizabilities. Glasses based on BeF, have refractive indices in the
order of 1.27, while vitreous silica and vitreous boric oxide have refrac-
tive indices of about 1.458, At the other extreme, glasses with high lead,
bismuth, or thallium contents may have refractive indices ranging from
2.0 10 2.5,

Since a majority of the ions in any glass are usually anions, the
contribution to the refractive index from the anions is very important.
Replacement of fluorine by more polarizable oxygen ions, or by other

halides, increases the refractive index. Conversely, partial replacement




example, reduces the refractive index. Since non-bridging oxygens are
more polarizable than bridging oxygens, compositional changes which
result in the formation of non-bridging oxygens increase the refractive
index of glasses., while changes in composition which reduce the
non-bridging oxygen concentration can reduce the refractive index.
The refractive indices of alkali silicate glasses (Figure 10.1) thus
increase with increasing alkali oxide concentration, while replacement
of alkalh oxides by alumina, which reduces the non-bridging oxygen
concentration, can cause a reduction in the refractive index.

Refractive Index
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Figure 10.1 Effect of composition on the refractive index of alkali silicate glasses
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is determined by the cooling rate through the glaﬂMmMJm
region, the refractive index is found to inc with

rate. This effect can be very important for optical applications, where
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decrease in the refractive index. The density of a glass will decrease if it
expand heat; hich should dec | ractive index. TI

increases the refractive index and may therefore offset the effect of the
decreasing density. Glasses with high thermal expansion coefficients




2.2 Molar and lIonic Refractivity

The molar refrmnw.:'y is directly proportional to the polarizabilities

C shown that the molar
refractivity, R,.. 1s given by the expression:
n -1

o2

where V, is the molar volume of the glass and # is the refractive index at
the deelf:ngl;h of measurement. The mr::r]ar volume 1s egqual to the
lass divi density.

The molar refractivity of a cﬂmpﬁund can be calculated from the
contributions of each of the constituent ions. The molar refractivity
for the compound A B,. for example, is given by the sum of the ionic
refractivities of the constituent ions, R,, times their concentration in the
compound, or, in this case:

R,=xR,+ yR, (10.3)

Since the ionic refractivity depends on the polarizability of the ion, large
values are found for the large, low field strength ions such as T1" and
Pb**. Variations in the ionic refractivity explain many of the major

3 1 fractive index of glasses.,




The ionic refractivity of oxygen depends upon its role in the glass struc-
ture, so that the values for brlr.ig_g and non-bridging oxygens are not

i ractivity of oxygen ions depends on
the nature of the associated cations. As a result, one can only use 1onic
refractivities as a guideline to choice of ions for altering the refractive
index of oxide glasses, and not for quantitative calculations.

2.3 Dispersion

The variation in index with wavelength, known as optical dispersion or
simply as dispersion, is critical in the control of chromatic aberration of

optical lenses, Ideally, dispersion is described by the entire curve of
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3 ULTRAVIOLET ABSORPTION
Even transparent, colorless glasses cannot transmit radiation at wave-

lengths beyond their inherent w/traviolet edge. This frequency is believed
to be due to the transition of a valance electron of a network anion to
an excited state. Conversion of a network anion from the bridging state
to a non-bridging state will lower the energy required for the electronic
excitation, and shift the ultraviolet edge to lower frequencies. The addi-
tion of alkali oxides to silica, therefore, results in a shift of the ultravio-
let edge toward the visible region of the spectrum. Since initial additions
1 OXI ' ' In versi f boron from 3-
4-fold coordination. thus strengthening the network bonds, the ultra-
violet edge does not shift toward the visible. Once the concentration of
alkali oxide becomes sufficient to produce non-bridging oxygens, the

expected shift of the edge toward the visible with increasing alkali oxide

4 VISIBLE ABSORPTION

Absorption in the visible is perceived as color. A number of mecha-
nisms exist for the creation of color in glasses. The most important
commercial colored glasses contain either 3d transition metal ions or
4f rare earth (lanthanide) 1ons, where the coloration arises from the so-
called ligand field effect. Other sources of color include the formation
of metal or semi-conductor colloidal particles, optical defects induced
by solarization or radiation, and charge transfer bands in the visible
region of the spectrum.




4.1 Ligand Field Coloration of Glasses
(MMMMWMMMM

ransiti W
Since a detailed description of the mechanism leading to these electronic
transitions (called ligand field or crystal field theory) can be found in
many places, only a brief qualitative discussion will be provide here.

The 3d electronic levels are identical in energy for free ions. However,
when a transition metal 1on 1s surrounded by a few anions, called
ligands, as 1n a crystal or glass, the interaction of the electric fields
causes a small splitting of the energy levels. The magnitude of this split-

ting is a function of the field strength, number, and geometric arrange-

ment of the neighboring anions. The number of different levels formed
is a function of the electronic configuration and coordination number
of the cation. Since the energy differences which commonly result for 3d
transition metal ions from ligand fields are in the range of 1 to 3 eV. the
absorption of photons by electronic transitions between split 3d levels
results in visible coloration.

Similar arguments apply to the 4f electronic levels of the rare earth

litti 4f lev ' '

the visible, Differences in the nature of the 3d and 4f ions result in less



4.2 Amber Glass

Many gl ntainers hav rownish color larl lled * -
bottle brown.” This particular color occurs in glasses containing
both iron and sulfur. Carbon is usually added to the batch to provide
suggests that the coloration is due to the presence of a ferric ion in
tetrahedral coordination with three O and one S* ions. The optical
absorption is due to a charge transfer process.

4.3 Colloidal Metal Colors

lor uced in many glasses containing gold, known as
gold-ruby glasses, 15 f very fine colloidal gold
particles. The color is not due to light scattering, but rather to absorp-
tion by the particles, which cause an intense optical absorption band at
about 530 nm. Doremus has calculated the shape and position of this
band by assuming that the particles are spherical and using the optical
properties of gold. He suggests that this band can be considered as a
plasma resonance band, where the free electrons in the particles are
treated as a bounded plasma. A similar absorption band, attributed to
an 1dentical mechanism, at 410 nm is obtained for g_a&s_e_u_cm],mmng
colloidal silver (Figure 10.3). The shift i
strong yellow coloration. which is called silver-vellow or silver stain.
A somewhat less esthetically pleasing red color can be produced in
glasses containing copper. The absorption band due to copper occurs at
565 nm for these glasses and is similar in shape to those for gold and

silver. While the red color of these glasses is usually attributed to copper
colloids, others have proposed that the color is due to colloidal crystals
of Cu,0. Since both metallic copper and Cu?D are often ﬁ}und in
copper-ruby glasses, it 1s possible that th lor : ; i

tion of these species. Although the solubility of both gold and silver in
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Figure 10.3  Optical absorption spectrum for a glass containing silver colloids. | Data
supplied by C. E Heckle )



4.6 Solarization

Coloration of glasses by exposure to sunlight is known as selarization,
Although some of the defects produced by higher energy radiation
can also be produced by ultraviolet radiation, the classic solarization
of glasses is due to a radiation-induced change in the valence of
manganese, vig the reaction:

Mn** + Fe* + photon = Mn™ + Fe¥* (10.10)

Many vears ago, manganese was frequently added to glasses to serve as
a “decolorizer” for iron-induced optical absorption. Since this practice
is no longer common, modern glasses do not produce the deep purple
color characteristic of Mn** ions after long term exposure to sunlight.
While less common, other pairs of 1ons, including Mn-As, Fe-As, and
several couples involving cerium, can also produce optical absorption
changes due to solarization. Solarization of modern glasses usually
produces brown shades similar to those produced by higher energy
irradiation.

S INFRARED ABSORPTION

Absorption of light in the ultraviolet and visible regions of the spectrum
is due to electronic transitions. While there are some lower energy elec-

tronic transitions in the infrared region of the spectrum. most optical
absorptions in this region in glasses are due to vibrational transitions.




Frequency is the more fundamental parameter, in that it
is directly related to the source of the radiation, the
energy difference between the atomic or molecular
levels. However there is no direct way of measuring
frequencies as high as that of light. In contrast the
measurement of wavelenght is possibble to a very high
accuracy. Therefore all spectral measurements are made
in terms of wavelenght.

Light is a particular form of electro-magnetic radiation
which affects the retina of the human eye to give sight.
The retina is sensetive to a relatively narrow range of
wavelentgh 400 to 700 nm.



The term electro-magnetic radiation covers a wide range
of wave phenomena, from radio waves, through light, to
gamma rays. Electromagnetic radiation is a transverse
wave phenomenon and the common parameter
frequency is the number of waves which pass a given
point in space per second.

The wave length of the radiation is the distance between
successive wave maxima.

frequency = velocity / wavelength
(Hertz,1/sec) (m/sec) (m (nm))



The visible spectrum is the portion of the
electromagnetic spectrum
that is visible to (can be detected by) the human eye.

Eye sensetivity

400-450 nm  violet

450-500 nm  blue+ indigo blue
500-570 nm  green

590-610 nm orange

610-700 nm  red

400 550 700 Afnm)
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Refractive index depends on:
a-) the type of incident light(wavelength and frequency)
b-) the structure of the material (medium)

density(g/cm? refractive index
Borosilicate glass 2.30 1.47
Soda-lime silicate glass 2.50 1.50
PbO glass (Crystal glass) 2.55 1.55



Speed and angle of light changes as the medium changes. It
slows down if the density of the new medium is higher than

the first one.

light o' -7 surface reflection

&
-

I
. |
air glass i refraction
I
I
Sin o
n, refractive index =
Sin p

o' angle of incidence
B: angle of refraction



White light Shirt looks red

my
[\

Shorts look blue

Objects do not generate light, but they absorb or reflect it.



The change of refractive index due to the change in wavelength

is called as “dispersion”. So dispersion has a wavelength
dependant nature. Media having such a property are termed
“dispersive media”. Glass is a dispersive medium.
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Glass prism

In 1670, Sir Isaac Newton discovered that the sunshine(white light) is
made up a combination of many colors.



When radiation strikes the surface of a body;

T

A

R

.| -it is either transmitted, or
| -absorbed, or
-reflected.

The sum of the reflectance R, the transmittance T, and

the absorptance A is unity.

R+T+A=1

R: the ratio of reflected light (reflectance)
T: the ratio of transmitted light (transmittance)
A: the ratio of absorbed light (absorptance)




Incident light

Reflected light Tranmitted light

Absorbed light

The sum of the reflectance R, the transmittance T, and
the absorptance A is unity.




Color

-Our most important energy source is light, and the entire
spectrum of colours is derived from light. Sunlight, which contains
all the wavelengths, consists of the entire electromagnetic
spectrum.

-Color is a combination of different effects occuring in the human
eye, generated by the light at various wavelengths of visible range.

-We know that each colour found in the visible light spectrum has
its own wavelength and its own frequency, which produces a
specific energy. Light consists of the seven colour energies: Red,
Orange, Yellow, Green, Blue, Indigo, and Violet.

Visible Spectrum

Red Orange Yellow Green Blue Indigo Violet



Each color has a different wavelength; blues and violets
have shorter wavelengths, greens in the middle of the
visible range and reds, oranges and yellows have longer
wavelengths. When colored wavelengths fall on the reting,
the nervous system and the brain interpret the signals as

color.
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Iron Oxide

eIron oxide exists in two oxidation levels in glusg_.E
+3
e The color caused by iron oxide depends on the Fe

oxidation level of iron,

eFe*2, has a strong absorption at 1050 nm This absorption band
wavelength near IR region. w=r=>"' continues until 500nm.
eFe*3, has an absorption at UV region of the l

spectrum and its absorption reaches to visible Bluish green
region.

This absorption band has
a maximum arround 380

nm, and continues =
through visible region

until 430-440nm.




Fe

Co
Mn
Cu
Ni
vV

1- Transition elements

Cr —

Coloring ions in glass

2- Rare earth
elements
Ce
Nd

3- colloidal metalic
particules
Cu
Au
Ag




Chromium Oxide

oChromium oxide exists in two oxidation levels in
glass.

e The color caused by chromium oxide depends on
the oxidation level of chromium.

«Cr*3, has a strong absorption at 450-650 nm.

«Cr*6, has an absorption at 370 nm,

B Cr-+3
Cr*

s Green

l



% T

Emerald green (coloring with Cr,05)

Cr,0,4

N Cr*? (emerald green)

L = Cr*® (UVA emerald green)

100

80 -
70
60
50

30

10

UV «

300 400

VWavelangth, nm

UVA Emerald green

Emerald green

900 1000

1100

1200






Cupper Oxide

eCupper oxide exists in two oxidation states in
glass.

e The color caused by cupper oxide depends on
the oxidation level of cupper.

eCu*!, has no absorption in visible region.

eCu*2, has an absorption at 780 nm.
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Selenium

eSelenium has four oxidation states.

e But two of them are rarely exist (Se*4, Se*6)in
glass.

*Sef and Se-2, has an absorption at 490 nm.

G
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Decolorizing

In every type of glass, Fe,O; comes from the
natural raw materials as an impurity. In colorless
glasses, decolorization is necessary in order to
eliminate the greenish color of iron oxide.




Thermal Analysis of Glasses
1 INTRODUCTION

Thermal analysis methods are used for determination of a number
of mmportant properties of glasses. The glass transformation and
fictive temperatures of glasses, discussed in Chapter 7, are commonly
measured using a differential scanning calorimeter (DSC). Crystalliza-
tion kinetics can be measured by a number of different methods, but the
fastest and most commonly used methods rely on various techniques
using the DSC. The determination of nucleation rate versus tempera-
ture curves can also be carried out using a DSC. Access to a DSC has
become a requirement for any glass science laboratory,

2 DIFFERENTIAL SCANNING CALORIMETERS

The differential scanning calorimeter evolved from an older instrument
known ifferential alvzer The DTA, which is
based on the work of Le Chatelier in 1887, was developed in 1899 for
identification of specific types of clays, which are difficult to differen-
tiate by more traditional methods. The concept of the DTA is quite
simple. A differential thermocouple, which consists of two otherwise
identical thermocouples connected in opposing polarities, is placed in a

- sition which allows th
inserted into an inert reference material. while the bead of the other

thermocouple is inserted into the sample. The difference in temperature
between the reference and sample materials 1s obtained directly as a
function of temperature as the entire assembly is heated at a controlled,
the sample and reference material, the output of the differential
thermocouple will be zero. When a thermal event occurs, e.g.. heat
released during crystallization. the change in specific heat at the glass




transformation, absorption of heat during phase transformations, or

the heat of reaction of a wide variety of chemical processes, the tem-

peratures of the sample and reference will differ. indicating that some

change is occurring in the sample, (the reference is assumed to be totally
inert and free of any thermal events). Once the temperature rises beyond
the region of change in enthalpy, the difference between the sample and
reference will return to zero, yvielding a curve of AT versus temperature
which has peaks at exothermic or endothermic events, or an offset in
the baseline due to a change in heat capacity of the sample.

The DTA is very useful fhr determination of melting points of

n llization temperatures

of glasses. The design of a DTA, however, makes 1t difficult to deter-




A typical DSC curve for a glass where crystals form during heating
and then melt at a higher temperature is shown in Figure 12.1. The first

Crystallization
Exotherm
£
2
=
&
o
S
Melting
Endotherm

Temperature (°C)

Figure 12.1 DSC curve exhibiting a change in specific heat at the glass transformation,
an exothermic peak due to crystallization of the glass, and an endotherm due

to melting of the crystals formed at the exotherm
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the baseline, or offset, of the curve. The magnitude of the specific heat

can be determined from this shift, as 1s discussed later in this chapter.

Ihuc&&ﬂumuhummm@_iuuugw
exothermic peak due to crystallization of the glass as the enthalpy of
fusion is released from the sample. Crystallization of glasses may range
from the example shown here, where a single phase 1s formed, to very
complex curves, with multiple peaks, which may or may not overlap,
resulting from the formation of a number of crystalline phases (see
Figure 2.4).

i i Endothermi ks mav also
] ; whi ' rin
cooling of the melt, or during some prior thermal treatment outside

the DSC. Endothermic peaks may also occur due to the solid—solid

transformation of a crystalline phase already existing in the sample, or

of a phase formed by crystallization earlier in the heating process, e.g.,
a peak resulting from the endothermic o— transformation of quartz,

which is often found in curves for glass-ceramics.




3 GLASS TRANSFORMATION TEMPERATURES

Determination of T, using a DSC is based on a similar concept, with
the replacement of the change in volume by the change in specific heat
which also occurs at T,. The specific heat of the material will change
rather abruptly as the solid converts to the liquid. The onset of the
change in specific heat is commonly used as an indicator of the

temperature range of transition, just as the onset of the change
— /Tg
3L |.
= |
2
&
E |
S
l | | ! |
500 600

TEMPERATURE (°C)

Figure 12.2  An example of the determination of T, from a DSC curve



Glass Technology

1 INTRODUCTION

Manufacturing of commercial glass products involves application of
all of the principles discussed earlier in this book. Commercial produc-
tion, however, requires expansion of these principles to very large scale
melting, and to the unique forming methods required for each type of

product. Production of tubing from vitreous silica requires a completely
different approach than production of bottles or window glass. Process-

mgghmmuuudmulmmum_wuiﬂb_gmaﬂ} ﬁ-{}m thc more

mi i ing vapor dtnnmtmn and

mgdpmﬁuwwﬁhmmmlmled discussions of

glass technology can be found in several books dealing exclusively with
that subject.

2 CLASSICAL FORMING METHODS
2.1 Containers

Glass containers were originally _hand blown. A gob of glass was

gathered on the end of a blowpipe by dipping the pipe into a melt. Air

was forced into the gob by blowing through the pipe, forming a hollow
shell of glass around a bubble at the end of the pipe. The object was

continually rotated and shaped by hand using paddles formed from
wood which had been charred and soaked in water. Containers formed

by this method were expensive and highly variable in quality.




Most common containers are made from soda-lime-silica glasses
containing. in wt%, roughly 73% silica, 11% lime. 14% soda, and 2%
alumina. These glasses also may contain very small quantities of MgO,
K.O, and SO,, which is used as a fining agent. Specialized containers
for chemicals and pharmaceuticals may be made from borosilicate
glasses, which have an increased durability and do not release sodium
into the contents through chemical attack on the glass.

2.2  Flat Glass

was
of a pipe and then spinning the gob inside the furnace until it flattened
due to centrifugal force (the crown method). Glass panes were cut from
the outer portions of the disk. These panes were thinner at the outer
edge of the disk and thicker toward the center of the disk. Installation
of these panes with the thicker edge down has been proposed as an
explanation for the observation that some windows in ancient cathe-
drals are thicker at the bottom edge. (The false attribution of this obser-
vation to flow of the glass remains one of the great myths of science).
The center of the disk, called the bullseve, was used as a crude lens or in
decorative leaded glass windows.

Larger sheets of glass could be produced by blowing the gob into
a cylindrical shape (broad glass), or by drawing a very large cylinder
(machine cylinder method), from the melt. These cylinders were split
parallel to their axis and flattened by reheating on a flat surface. The
quality of the glass was poor, but larger sheets could be produced than
by the crown method.

Continuous formation of flat sheets (sheet glass) can be p-c:rfc-rmed

by drawmg a ribbon dlr;;:ﬂ}g from the melt. Different commercia
| | _ hod i | the inifi
point of nbl::cm I‘nrma]‘, m, amI in lh; ;l]:ﬁl]ﬂn of draw. All commercial




Most modern glass sheet is produced using the float process (floar
glass), in which the melt flows from the glass tank directly onto the
surface of a bath of molten tin. The upper surface of the melt is in
contact with the atmosphere above the tin bath, which must be reducing

to prevent oxidation of the tin. Since neither surface contains any flaws,

2.3 Glass Fibers

(lass fibers, or fiberglass, are widely used for thermal insulation, fire
resistant textiles, and reinforcing fibers for composites. Chopped, or
discontinuous fibers, can be produced by several techniques in which a
thin stream of highly fluid melt flowing from the bottom of a container
is broken into small segments by air jets, mechanical attenuation, or
flame attenuation. While these methods are still occasionally used, the
most commonly used method for production of discontinuous fiber,
rotary processing, 1s similar to the process used to make “cotton candy”
from molten sugar. The glass stream [alls into a spinning cylinder which
has a large number of holes in its surface. Centrifugal forces extrude the

melt through these holes into a high-velocity gas stream, which breaks
the fibers into small lengths.

En' ‘[j] . 1 l"I ] ‘][ ] . . ] I

or from remelted glass marbles. The latter method allows production of




A number of compositions are used to prﬂdlii:!: iibﬁrgldss. Insulation
fibers are produced from modifi compositions,

the continuous fiberglass is pr:::::luced from bﬂ-Lﬂ_”Ed E ga’ﬂﬁ whlch
actually : : ;

tions, This family of compositions was originally developed for applica-
tions requiring high electrical resistivity. If E glass fibers are exposed
to strong mineral acids, they are leached until only a silica framework
remains. If the leached glasses are consolidated by heat treatment, high-

silica hbf:rs are formed. Dlhﬂr_ulmmun_ﬁhﬂglass_pmducm_am_madc




Glass-Ceramics

Glass-ceramics are fine-grained polycrystalline materials formed when glasses of
suitable compositions are heat treated and thus undergo controlled crystallization
to the lower energy, crystalline state. It is important to emphasize a number of
points in this statement on glass-ceramics. Firstly, only specific glass compositions
are suitable precursors for glass-ceramics; some glasses are too stable and difficult
to crystallize, such as ordinary window glass, whereas others crystallize too readily
in an uncontrollable manner resulting in undesirable microstructures. Secondly,

the heat treatment is critical to the attainment of an acceptable and reproducible

product.

Usually a glass-ceramic is not fully crystalline; typically the microstructure is 50vol% to

95vol% crystalline with the remainder being residual glass.



The mechanical properties of glass-ceramics are superior to those of the parent
glass. In addition, glass-ceramics may exhibit other distinct properties which are
beneficial for particular applications, as exemplified by the extremely small
coefficient of thermal expansion of certain compositions in the Li,0-Al,05-Si0,

system which consequently are suitable for thermal shock resistant applications.

The Glass Crystallization Process
The crystallization, or devitrification, of glass to form a glass-ceramic is a

heterogeneous transformation and as such consists of two stages, namely a nucleation

stage and a growth stage. In the nucleation stage small, stable volumes of the product

(crystalline) phase are formed, usually at preferred sites in the parent glass. The

preferred sites are interfaces within the parent glass or the free surface. The latter

(growth) is usually undesirable as the resulting glass-ceramic microstructure often

consists of large oriented crystals that are detrimental to mechanical properties.



Once a stable nucleus has been formed the crystal growth stage starts.
Growth involves the movement of atoms/molecules from the glass, across
the glass-crystal interface, and into the crystal. The driving force for this
process is the difference in volume or chemical free energy, AG,, between the
glass and crystalline states. The transport of atom/molecules across the

interface is thermally activated with an associated activation energy AG,



Processing Routes for Glass-Ceramic Production

1) Conventional Method (Two-Stage)

The conventional method for producing a glass-ceramic is to devitrify a glass by a two-
stage heat treatment (Figure 1 (b)). The first stage is a low temperature heat treatment
at a temperature that gives a high nucleation rate (around T in Figure 1a) thus forming
a high density of nuclei throughout the interior of the glass. A high density of nuclei is
important as it leads to a desirable microstructure consisting of a large number of small
crystals. The second stage is a higher temperature heat treatment at around

temperature T to produce growth of the nuclei at a reasonable rate.
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2) Modified Conventional Method (Single-Stage)

The reason for the two-stage heat treatment of the glass is a consequence of
the limited overlap between the nucleation and growth rate curves (Figure 1
(a)). If there is extensive overlap of the rate curves then nucleation and growth
can take place during a single-stage heat treatment at temperature Ty as
indicated in Figure 2. The rate curves, particularly the nucleation rate curve, is
sensitive to composition and hence by optimizing the glass composition it is, in

some cases, possible to obtain the necessary overlap.
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3) Powder Methods
The shaping by cold-compacting a powder followed by a high temperature

heat treatment to sinter the compact is a common route for the fabrication of

ceramics and it has been also employed for glass-ceramic production.

4) Sol-Gel Precursor Glass
So far only glasses produced from the molten state have been considered but
in the last decades there has been considerable interest in using sol-gel and

colloidal techniques to obtain the precursor glass in either powder or bulk

form.



Glasses crystallization

Crystallization in glasses is generally a
phenomenon to be avoided if at all possible.
Crystallization makes glass opaque, for example,
and does improve its other properties.

The exception is the case of glass-ceramics.

Most glass-ceramics are valued for a combination
of chemical inertness and thermal shock resistance.

Thermal shock resistance depends on low CTE.
Low CTE means that strains developed on cooling
from high temperatures generate small stresses
and the breaking strength is less likely to be
exceeded.



Glass Ceramics

» Other glass ceramic materials are optimized for:
— High mechanical strength
— High temperature capability
— Photosensitivity
— Low dielectric constant (electronic packaging)
— Dielectric-breakdown resistance
— Biological compatibility
— Machinability (through the inclusion of micaceous phases)



Applicanions of Glass Ceramics

Radomes - Corning 9606, cordierite glass-ceramic. Require
properties: transparency to radar, low dielectric constant, lov
CTE, high strength, high abrasion resistance, high thermal
shock resistance.

Photosensitive glass-ceramics based on lithium disilicate,
Li,Si,O;, as the crystalline phase that can be selectively

etched (UV light) to develop very fine features (holes,

channels etc.). The parent glass has lithium metasilicate.
Example: Foturan, Fotoceram.

Machinable glass-ceramics, e.g. MACOR, based on fluorine
phlogopite, KMg;AISi;O,,F,), with additions of B,O4 and SiO
to form a glass. The fluorine compound is micaceous which
allows easy cleavage over short distances. The material is

very useful as a machinable insulator, used in welding
eauinment. medical eauipment




Applications, contd.

+ Substrates for magnetic recording disks. Spinel-
enstatite glass-ceramics allow high modulus, high
softening point (~1000°C), high toughness,
insulating substrates.

« Cookware based on glass-ceramics with beta-
spodumene, LiAISI,O4-SIO,, e.g. Corning Ware

9608. The latter compound has low CTE, is white in
color, and can be easily fabricated.

- Low expansion glasses such as Zerodur containing
mainly beta-quartz. These are useful for telescope
mirrors and ring lasers (low He permeability also

1- Zerodur ‘M’

essential here). PR e



Zerodur (notation of the manufacturer: ZERODUR®), a redistered trademark of
Schott AG, is lithium-alminosilicate glass-ceramic. It has been used for a number of
very large telescope mirrors With its very low CTE it can be used to produce mirrors
that retain acceptable figures in extremely cold environments such as deep space. Its

thermal expansion coefficient is in the range of ~10-°



Microstructure development

- The history of glass-ceramics starts with a mistake
by a researcher (Stookey) who left an oven on at too
high a temperature with a sample of lithium silicate
glass containing silver. He expected to find a
puddle of glass once he realized his mistake, but
instead found a piece of white ceramic because his
glass had crystallized with a fine grain size.

« This lead to the use of titania as a nucleating agent
In alumino-silicate glasses.

« Control of crystallization (=devitrification) depends
on inclusion of a (well dispersed) nucleating agent.
This is akin to grain refinement in solidification
(addition of TiB, to aluminum melts).



Nucleation + Growth

In contrast to metals, where isothermal treatments
are common, two-steps anneals in glass-ceramics
are the norm.

The typical sequence involves a nucleation step of a
small volume fraction of, e.g. TiO,, followed by bulk

growth of other phases.

The nucleation step is carried out at lower
temperatures, presumably to obtain higher driving
forces.

The growth step is carried out at higher

temperatures, again presumably to obtain higher
growth rates (more rapid diffusion).



Heat Treatment of Glass-Ceramics

Typical heat treatments require cooling past the “nose” of the
crystallization curve, followed by a low temperature treatment
to maximize nucleus density and finally a higher temperature
treatment to grow the grains.
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Fig. 5.75 Typical processing cycle for Li,0-Al0,-8i0, glass ceramics.
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Nucleation Rate - Viscosity

There is a usetul relationship between viscosity and
nucleation rate for crystallization in glasses.

The nucleation rate, N (or /), is determined by the critical free
energy for nucleation and a Boltzmann factor as seen
previously:

AG™ = 16my3/3AG, 2
O O N = w C,exp-{AG*/kT}
where w is an attempt frequency or vibration frequency of
order 10" per second, C, (or N) is the density of molecules
per unit volume of order 102° per m3.

In glasses one must adjust the attachment frequency based
on the viscosity since this can vary so markedly with
temperature. Using the Stokes-Einstein relation for atomic
diffusivity in a melt:

D = kT/3mam = wa,?

This suggests that we can take w to be inversely proportional
to the viscosity, 7.



Viscosity dependent nucleation rate

 Adjusting the attachment frequency to match
experimental data (larger than theory suggests),

N =40 C,kT/3ma,r . exp-{AG"/kT}

- @Given that the viscosity dominates the temperature
dependence of all the terms in this expression, we
can simplify to this:

N=K/n . exp-{AG*KT}

where K is a constant of order 1036 m-3sec-1poise for
oxide glass formers.



Viscosity dependent nucleation rate

In the previous development of driving forces, we
approximated the driving force as AT L/T,,, where L;is the
latent heat of transformation (melting, e.g.). Hoffmann
developed the following improved approximation for the case
that the difference in specific heat between solid and liquid is
significant but constant (with changing temperature):

AG,, =AH AT T/T, 2

This can be inserted into the standard expression for
nucleation rate:

2 3
N = EEKP# 167 Vm}’SL I

2
n | 3kT (M‘-TJ




Heterogeneous nucleation

Heterogeneous nucleation is as important in
glasses as it is in metals.

In glass, one must be careful to avoid including
phases that can act as nucleation sites for
crystallization.

In glass-ceramics, the situation is reversed and one
typically adds nucleating agents deliberately.

Examples are TiO, and ZrO.,.



Typical glass ceramic compositions

- Low expansion glass ceramics result from the
particular compositions used.

- Al and Li substitute into beta-quartz (silica): Al3+
substitutes for Si4+ with Li+ providing charge
neutrality as an interstitial ion.

- Lithia-alumina-silica compositions for Pyroceram
contain beta-spodumene, LiAl[Si,O], which has a

weak positive CTE, ~106.°C-1.

» At higher levels of Al and Li substitution, the CTE
can become negative.

- Substitution limit is beta-eucryptite, LIAI[SIO,].



Design of Medical Glass-Ceramics

7.1 Glass Ceramic Fabrication

The art of glass-ceramics was first established with the publication of US Pat.
No. 2,920,971. Classically, a glass-ceramic 1s made through controlled heat
treatment of a precursor glass. The manufacture of a glass-ceramic involves three

general steps:
Preparation of a glass-forming batch from raw materials, oxides. and nucleating

i DRI ] fii=

to vield a glass.

A homogeneous glass batch 1s prepared using high-quality raw materials that are
fused in a high temperature resistant crucible to form a homogeneous molten glass.
The melt is then cooled into a glass body with the desired shape. The glass is then
annealed at a temperature close to the transition temperature.

The crystallization process, the development of crystalline phases in the glass
matrix, comprises two main steps. In the first step, the glass is heated to a tempera-
ture slightly above the transformation range and maintained for a sufficient time to
achieve substantial nucleation. In the second step, the nucleated body 1s heated to a
higher temperature, frequently above the softening point of the precursor glass to
allow the growth of crystals on these nuclei. A homogeneously crystallized glass
ceramic with relatively uniform size can be prepared with careful heat treatment.

o - 0

very finely grained and preferably dispersed uniformly in the glass matrix. A wide




Whlle the art of dental porcelain 1s similar to the tﬂchnmue of glass ceramics

ann&alﬂd glass bodies cnnventmnallv demonstrate a mudulus nf rupture (MOR)

temperatures. e.e.. up to 24 h or more.




7.3  Selection of Glass Compositions for Glass
Ceramics Processing

There are several criteria that should be considered in the selection of glass compo-
sitions for glass ceramic processing. The glass must be capable of being crystallized
without the use of a long schedule of heat treatments. The constituents of the glass
and their proportions must be chosen to encourage the development of a certain
crystalline phase and produce the desired characteristics. For example, the potas-
sium aluminosilicate glasses. especially the stoichiometric leucite compositions are
very difficult to crystallize. Thus, glasses of such compositions are of very high
stability. poor crystallinity, and insufficient crystal growth and should be avoided or
modified when seeking to fabricate glass ceramics.

Om the other hand, in glasses that contain a fairly high proportion of modifying
oxides, these oxides weaken the glass network structure by introducing non-bridging

I:m'gms which Im]-: to the al:ljmzent silica tetrahedra. me

Tahle 7.1 Selected initial glass compositions of mica—cordierite glass ceramics in wit% (Albent
et al. 1988)

Oxides S0,  ALO, MgO0 MNa0O KO F Cal) PO,
I 452 1296 12.0 39 45 42 0l 0.3
2 473 25.7 1.1 3.1 48 5 05 40
3 436 263 14.7 5.2 43 45 01 11




7.4 Optimum Heat Treatment Conditions

T llization of elass into ] o Ly cuided by the |

analvﬁis data. The heat treatmﬂ nt converts T.hE olass objects il'lT.D uniform microcrys-

acldltmn. the development of a finely divided uniform microstructure or lnterlr.:-cklng
microstructure results in improvements in the strength and encourages the develop-
ment of a range of desirable glass ceramic properties. The factors that control crys-
tallization are the heating rate, nucleation temperature, crystallization temperature,
and the length of heating time.

Immm—@mmmw Il quml 1 <. which is :  the ol

ceramic process. Lhen. it 1s necessary to elevate the temperature of the nucleated

ceramic during the CWEL‘E["IEEUUI’I process. If the rate of heatine 1s tm:r high. the rate

. : . )
mwmwmﬂﬂwﬂdﬂmwl £l f heatine is low. def onis less likely to |

as the remaining olassy phase decreases progressively with temperature elevation.




7.5 Prediction of the Proper Glass Heat
Treatment Schedule

The prediction of the proper heat treatment schedule 1s executed using various tech-
nigques depending on the type and nature of materials. In the current case, the proper
heat treatment for the starting glass include many steps depending on many factors.
The first factor 1s to know the mechanism of crystallization, 1.e., whether it 1s bulk
volume crystallization or surface crystallization. Then according to the type of crys-
tallization mechanism, the heat treatment steps can be scheduled. The glass 1s used

in the form of a powder in the case of surface crystallization or bulk glass in the case
of volume crystallization.
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Fig. 7.4 The measurement of the transition {TE} and softening (T ) temperatures of a glass based
on the thermal expansion curve



7.5.1.1 Annealing Temperature Determination

Annealing is very important as it removes as much as possible the stresses devel-
oped in the glasses during the heating or casting. It is known that nonannealed or
badly annealed glasses are difficult to handle, cut or polish and in addition they can
spontaneously shatter during handling due to the developed stresses, which can be
very dangerous. Thus, it 15 important to determine the right annealing temperature
of a glass before handling the glass or processing it into a glass ceramic, particularly
in the case of glasses that crystallize by a volume crystallization mechanism.

The annealing temperature can be determined from either the expansion curve as
shown in Fig. 7.4 or from the DTA curve as shown in Fig. 7.5. By knowing the
transition temperature {TEL it is possible to know the right annealing temperature,
which lies within the annealing range between the upper and lower annealing tem-
peratures. The transition temperature is the temperature at which a glass melt change

Fig. 7.5 The measurement
of the transition (T ) and
softening (7)) temperatures of
a glass based on the DTA

curve

Ty
Ts
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into an amorphous solid and generally is estimated to be close to the annealing point
of the glass. In most cases, the correct annealing step 1s to choose a temperature
close to the transition temperature, typically within 25-50°C.



7.5.1.2 The Nucleation Temperature

The nucleation temperature of glasses is best determined from a DTA curve. The
preferred nucleation 1s to heat the glass to a temperature above the transition tem-
perature [TE} for a sufficient time to assure good nucleation. In some cases, the
nucleation temperature may be higher or lower in glasses with a wide transition
range of temperature depending on the parent glass composition. In other words, the
optimum nucleation temperature occurs between the transition temperature TE and a
temperature some 30-100°C above TE. In addition, the nucleation temperature is
determined to be close to the lowest temperature in the endothermic reaction cor-
responding to T_as shown in the DTA curve in Fig. 7.5.

7.5.1.3 The Crystallization Temperature

When the nucleated glass 1s exposed to a secondary heat treatment at temperatures
higher than the glass transition temperature (T ), the crystallization process starts.
The crystallization temperatures can be determined from the DTA curve to be at the
temperature corresponding to the exothermic peak or peaks as shown in the example
in Fig. 7.5. One or more phases can crystallize from the glass through exothermic
reactions. The nucleated body should be heated to or slightly higher than the crys-
tallization temperature for a time sufficient to induce crystal growth without the
dissociation of the predominant crystal phase. In other words, the crystallization
range lies above the nucleation temperature and a temperature slightly lower than
the temperature at which the predominant crystalline phase starts to redissolve.



7.6 Interpretation of a Differential Thermal Analysis Curve

The chemical reactions or structural changes within crystalline or amorphous sub-
stances are accompanied by the evolution or absorption of energy in the form of
heat. For example when a glass substance crystallizes, an exothermic reaction occurs
since the free energy of the developed regular crystal phase is less than that of the

Fig. 7.6 Typical DTA curve
for a glass ceramic
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structurally disordered glass substance. The melting of a crystalline glass ceramics

1s represented by an endothermic reaction as the liquid state needs higher free energy
than that of the glass.
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(DTA) is a technique that facilitates the study of phase development, decomposi-
tion, or phase transformations during the glass ceramic process with heating.

In this method the glassy materials under test is in the form of finely divided
powders placed in a small crucible of platinum or other suitable refractory crucible
such as aluminum oxide. Adjacent to the test crucible 1s a second crucible contain-
ing an inert powder such as aluminum oxide, which does not exhibit endothermic or
exothermic reactions. The temperature differences between the tested sample and
the reference sample powder (inert alumina) are recorded during heating and the
differential temperature i1s plotted. The exothermic reactions are represented as
peaks and the endothermic reactions are represented by dips on the DTA curve.

The technique 1s considered a useful method for the investigation of the glasses
and the determination of the optimum temperatures at which the different crystal
phases are formed. The quality and the shape of the peaks are affected by the rate of
h-ﬂatlng and the ﬁnenﬂss ::-f the pnwd-:r
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Thus. the DTA analysis vields a great deal of very useful information, which 1s

o

which the nucleation and crvstallization occurs, but it also indicates the maximum

o
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7.8 Significant Points on the Thermal Expansion Curve

Several significant points in the expansion curve can be predicted from the thermal
expansion curve of a glass, including the lower annealing point, transition tempera-

ture, the upper annealing point, and the softening point in addition to the nature of
the melting (Fig. 7.10).

Fig. 7.10 Significant points
along the thermal expansion
curve of a glass, where T is
the lower annealing or strain
release temperature, T is the
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softening temperature ll:ll
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